Use of electrocardiographic-thallium exercise testing in clinical practice  by Gitler, Bernard et al.
262
Use of Electrocardiographic-Thallium Exercise Testing in
Clinical Practice
lACC Vol. 3. No.2
February 1984:262-71
BERNARD OITLER, MD, FACC, MITCHELL FISHBACH, MD, RICHARD M. STEINOART, MD
Bronx, New York
Although there is a great deal of data on the accuracy
of combined electrocardiographic-thallium exercise test-
ing, little is known about the use of these tests in clinical
practice. A quantitative likelihood system was employed
to characterize referral patterns for such testing, and
the impact of test results on the likelihood of coronary
artery disease was examined. Two hundred thirteen sub-
jects consecutively referred for the purpose of establish-
ing or excluding the presence of coronary artery disease
were studied. No subject had a history of a prior myo-
cardial infarction. By historical evaluation, 96 had a low
likelihood of coronary disease (~ 0.20), 88 an inter-
mediate likelihood (0.21 to 0.80) and 29 a high likelihood
The identification of patients with coronary artery disease
before the manifestation of morbid or mortal events has
been a major thrust of modem cardiology. Although electro-
cardiographic exercise testing represented an advance in this
area (1-3), its relatively low sensitivity led to substantial
numbers of false negative responses. In addition, although
it was reasonably specific, false positive responders were
common in groups with a lower prevalence of disease (4-6).
Thus, the more sensitive yet specific combined technology
of exercise electrocardiographic-thallium stress testing was
greeted enthusiastically. Many publications emphasized this
enhanced sensitivity (7-9), particularly in patient groups in
which a large number of nondiagnostic or uninterpretable
electrocardiographic exercise tests could be expected (10, II).
However, because even this combined technology is less
than perfectly sensitive and specific, the predictive value of
a test result remains dependent on the prevalence of disease
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(> 0.80). As anticipated from theoretical analyses, test-
ing produced the greatest shifts in disease likelihood in
subjects with an intermediate pretest disease likelihood,
and confirmed the historical evaluation in patients at the
extremes of pretest disease likelihood.
Therefore, although electrocardiographic-thallium
stress testing is best suited for subjects with intermediate
pretest disease likelihood, the majority of referrals had
either a high or lowlikelihood. Clinicians appear to value
confirmatory results in patients at the extremes of pretest
disease likelihood. Electrocardiographic exercise testing
would serve a similar purpose.
in the patients under study (12). Theoretical arguments,
based on probability analysis using Bayes' theorem, have
been advanced to direct clinicians in their use of this exercise
testing technology (13,14). Generally, recommendations are
made to test subjects in whom results would produce the
greatest shift in disease likelihood and approach the goal of
diagnostic certainty, that is, probabilities of disease of 0 or
1.0. Others (10, II) have argued that a second group suited
for combined exercise testing are those subjects in whom
electrocardiographic exercise testing alone would prove
nondiagnostic (for example, those with left bundle branch
block).
There is little information available, however, regarding
which groups clinicians study with electrocardiographic-
thallium testing in their practices. The present investigation
was undertaken to assess these utilization patterns, deter-
mine whether they conform to published recommendations
and examine the frequency with which such testing ap-
proaches the goal of diagnostic certainty.
Methods
Patients. The study group was selected from all subjects
consecutively referred during 1980 to the Department of
Nuclear Medicine and the Division of Cardiology of Mon-
0735-1097/84/$3.00
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tefiore Hospital for electrocardiographic-thallium exercise
testing. A total of 325 subjects were referred. Of these,
referring physicians stated that 112 subjects were known by
them to have coronary artery disease, and testing was re-
quired to establish the severity of disease or assess the ef-
ficacy of therapy. The remaining 213 were referred for the
purposes of establishing or excluding the presence of disease
as physicians were uncertain of the diagnosis. No subject
had a history of prior myocardial infarction. This group of
213 subjects comprises the study patients for the present
investigation.
Historical evaluation. Before testing, all subjects were
interviewed and examined by a cardiology fellow, with par-
ticular attention to the history of chest discomfort. The clas-
sification scheme was adapted from the Coronary Artery
Surgery Study (15,16). If the discomfort was substernal,
precipitated by exertion and relieved by rest or nitroglycerin
within 10 minutes, it was classified as typical angina. If two
or three factors were present, atypical angina was diagnosed;
if one of three factors was present, nonanginal chest pain
was diagnosed; with none of the three factors present, the
subject was considered asymptomatic for angina. Drug
therapy at the time of testing was also tabulated. A history
of cigarette smoking, hypertension, glucose intolerance and
hypercholesterolemia was sought. If the subject had under-
gone a prior electrocardiographic exercise test, those trac-
ings were obtained and reviewed by one of us.
Electrocardiographic-thallium exercise testing. After
informed written consent was obtained, baseline 12 lead
electrocardiograms were recorded. Electrocardiographic
evidence of prior myocardial infarction was considered pres-
ent if abnormal Q waves were seen in appropriate electro-
cardiographic leads (17-19). Note was also made of other
electrocardiographic abnormalities at rest.
After placement of an indwelling intravenous line, sub-
jects were exercised on a treadmill using a Kattus or Bruce
protocol to symptomatic end points. They were continuously
monitored during the exercise with modified V5 and aVF
leads. Electrocardiograms and blood pressures were re-
corded at each minute of exercise and recovery. Criteria for
stopping exercise were extreme generalized fatigue, increas-
ing angina or shortness of breath, serious ventricular ar-
rhythmias or a decrease in the systolic blood pressure of 10
mm Hg or more below that of the preceding exercise stage
or baseline level. Symptoms manifested during exercise were
noted. Thallium-201, 1.5 to 2 mCi, was injected at peak
exercise and subjects continued to exercise for 1 minute at
this level. After a brief cooling down period, imaging was
begun within 5 minutes of thallium injection using an Elscint
(Elscint Corp., Hackensack, New Jersey) standard field of
view gamma camera equipped with an all purpose colli-
mator. Forty-five and 60° left anterior oblique, anterior and
left lateral view scanning was performed obtaining 500,000
counts per image. Imaging was repeated 4 hours later in
these projections.
Test interpretation. The maximal exercise or postexercise
horizontal or downsloping ST segment depression at 0.08
second after the J point in three consecutive complexes was
measured. Electrocardiographic responses were considered
uninterpretable in the presence of left bundle branch block.
ST segment depression in subjects receiving digitalis or with
electrocardiographic evidence of left ventricular hypertro-
phy was also considered an uninterpretable response (20).
The electrocardiographic result was considered inconclusive
if no ST segment depression was seen but the subject did
not achieve at least 85% of his or her age-predicted maximal
heart rate (6). The sensitivity and specificity of the electro-
cardiographic result were based on a continuum of ST seg-
ment depression as previously described (Fig. I) (21).
Analog Polaroid (Polaroid Corp.) and digital computer
(Elscint Dycomette) thallium images were interpreted by a
consensus of three experienced readers without knowledge
of the clinical or electrocardiographic data. Scans were con-
sidered positive if a discrete region of decreased activity
(25% reduction by gray scale) was seen, and note was made
as to whether the defect did (ischemia) or did not (infarct)
resolve after 4 hours. Negative scans in subjects who achieved
less than 70% of age-predicted maximal heart rate were
considered inconclusive (22). For calculation of post-test
likelihood of disease, we took the sensitivity and specificity
of these methods to be 0.76 and 0.88, respectively, as re-
ported in the largest experience at the time these studies
were performed (7). Pooled results from 1,817 patients also
support the use of these values (9). The validity of these
values in this laboratory was then tested in subjects also
referred for cardiac catheterization (see later).
Determination of likelihood of disease. Pretest cal-
culation. The subjects' chest pain history, together with data
on age and sex, was used to calculate a pretest likelihood
of coronary artery disease based on published tables (16).
Although information such as risk factors for coronary artery
disease and baseline electrocardiographic abnormalities is
not included in this assessment for individual subjects, this
quantitative system has been shown to accurately estimate
the likelihood of disease in subjects also referred for coro-
nary arteriography (23-27).
Post-test calculation. Bayes' theorem was then employed
to calculate the post-test likelihood of coronary artery dis-
ease (predictive value of the test result) (28). The electro-
cardiographic result was first employed to update the like-
lihood of disease from the pretest level. This revised likelihood
was then used as the pretest likelihood for the thallium test,
and the final post-test likelihood calculated. This process is
illustrated in Figure I. A 55 year old man with atypical
angina has a pretest likelihood of coronary artery disease
of 0.59. If he had had 1.0 to 1.49 mm of ST segment
depression on an electrocardiographic exercise test, the like-
264 GITLER ET AL.
ELECTROCARDIOGRAPHIC-THALLIUM TESTING PRACTICES
lACC Vol. 3. No.2
February 1984:262-71
1.0
:g 06
-C
e
n,
o
ECG
0.2 04 06 0.8
Pretest Probability
1.0
THALLIUM
Gresult
Gresult
Figure 1. Illustration of the process
used to calculate the post-test likeli-
hood of coronary artery disease after
electrocardiographic (ECG)-thallium
exercise testing. Left, A 55 year old
man with atypical angina has a 0.59
historical likelihood of coronary artery
disease (CAD) (point I). Were he to
manifest 1.0 to 1.49 mm of ST seg-
mentdepression during anexercise test,
his likelihood of coronary artery dis-
ease would increase to 0.75 (point2).
Right, Thislikelihood can thenbe used
as the pretest likelihood for the thal-
lium exercise test result. A positive
( +) result would increase the likeli-
hood to 0.90 (point 3), while a neg-
ative (-) result would decrease the
likelihood to 0.41 (point 4).
lihood of coronary artery disease would increase to 0.75.
If the thallium scan had been positive, the final post-test
likelihood would be 0.90, but if it had been negative it
would be only slightly more than 0.40. Inconclusive or
uninterpretable test results were considered not to alter the
likelihood of disease and are termed noncontributory.
In those subjects with prior electrocardiographic exer-
cise tests, the following three likelihoods were assessed: I)
pretest historical likelihood based on age, sex and symp-
toms; 2) likelihood after prior electrocardiographic exercise
test; and 3) the final post-test likelihood based on the added
index thallium result alone (that is, the index electrocardio-
graphic result was not included if the prior electrocardio-
graphic exercise test had altered the diagnostic likelihood).
For analysis, subjects were grouped into low (:s 0.20),
midrange (0.2 to 0.80) or high (> 0.80) likelihood categories.
To validate the calculation ofpost-test likelihood of dis-
ease, 80 subjects, 44 men, 36 women (mean age 50.4 years),
who underwent cardiac catheterization after exercise
electrocardiographic-thallium exercise testing between 1979
and 1981 were studied. Seventeen of these subjects under-
went exercise thallium scintigraphy in 1980. None had prior
myocardial infarction. In these 80 subjects, the calculated
post-test likelihood of disease was compared with that ob-
served at catheterization. Significant coronary disease was
considered present if there was a 70% or greater stenosis
of at least one major coronary vessel.
Statistical methods. All data are expressed as mean ±
I standard deviation. The chi-square statistic was used to
test the hypothesis that the distribution of discrete variables
differed between two samples, and the Fisher exact test was
employed when the cell sizes were small. Relations between
variables were tested with linear regression, and the sig-
nificance of these relations was tested by one-way analysis
of variance (29). A probability (p) value of less than 0.05
was considered significant.
Results
Validation of calculations of post-test likelihood of
disease. Of the 80 subjects who underwent both cardiac
catheterization and electrocardiographic thallium exercise
testing, 42 (53%) were found to have significant coronary
stenoses (Table 1). Before testing, the likelihood of disease
was 0.20 or less in 20 subjects, between 0.21 and 0.80 in
36 subjects and greater than 0.80 in 24. The observed prev-
alence of coronary artery disease at catheterization was 45,
47 and 67% for the low, midrange and high pretest prob-
ability groupings, respectively. Combined electrocardio-
graphic-thallium exercise testing increased the likelihood of
disease in 52 subjects, decreased it in 19 and did not alter
it in 9. As a result of the shifts in likelihood of disease after
testing, the likelihood of disease was 0.20 or less in 10
subjects, between 0.20 and 0.80 in 31 subjects and greater
than 0.80 in 39. Only 10% of subjects with a calculated
post-test likelihood of disease of less than 0.20 had signif-
icant coronary stenoses at catheterization, compared with
79% with a calculated likelihood of disease greater than
0.80 (Table 1). When the subjects were grouped by quintile
of calculated post-test likelihood of disease, the correlation
between the observed and calculated prevalence of coronary
artery disease was r = 0.96, Y = 0.83x-0.04, standard
error of the estimate = 0.08 (p < 0.01).
Utilization analysis. There were 107 men and 106
women, aged 52 ± 12 years, referred because of diagnostic
uncertainty during 1980. Twenty-seven (12.7%) were re-
ceiving a beta-adrenergic blocking agent and seven (3.3%)
were receiving a digitalis preparation at the time of the test.
No subject was receiving diuretic drugs, nitrates or calcium
antagonists at the time of testing.
Electrocardiographic data. Although no subject had a
history of prior myocardial infarction, five met electrocar-
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Table 1. Coronary Artery Disease Prevalence at CardiacCatheterization in 80 Patients Also Undergoing Electrocardiographic-
Thallium Exercise Testing
Calculated pretest likelihood of disease oto 0.19 0.20 to 0.39 0.40 to 0.59 0.60 to 0.80 0.81 to 1.00
Observed proportion with coronary artery disease 9 of 20 5 of 17 7 of 14 5 of 5 16 of 24
Calculated post-test likelihood of disease oto 0.19 0.20 to 0.39 0.40 to 0.59 0.60 to 0.80 0.81 to 1.00
Observed proportion with coronary artery disease I of 10 2 of 12 3 of 8 5 of I I 31 of 39
diographic criteria for this diagnosis. In these five subjects,
the pretest likelihood of disease was estimated at 0.98 (18).
No subject had undergone prior cardiac surgery, cardiac
catheterization or nuclear exercise testing. Thirteen subjects
(6.1 %) had left ventricular hypertrophy by electrocardio-
graphic criteria, and seven (3.3%) had left bundle branch
block. Thirty-seven additional subjects had nondiagnostic
baseline electrocardiographic findings including minor, iso-
lated nonspecific ST-T changes (24 subjects), left axis de-
viation (5 subjects), right bundle branch block (4 subjects)
and ventricular premature complexes (4 subjects). Thus, 151
subjects (71%) had a normal baseline electrocardiogram.
Risk factors for coronary artery disease. These were
common in this group of patients. Forty-five percent had
no risk factors, 38% had one and 17% had two or more risk
factors (Table 2).
Symptoms (Fig. 2). Eighteen percent of subjects had typ-
ical angina, 36% had atypical angina, 36% had nonanginal
chest pain and 10% were asymptomatic. Symptomatic sub-
jects were as likely as asymptomatic subjects to have risk
factors, and the prevalence of multiple risk factors was
similarly low in both groups (3 of21 asymptomatic subjects,
34 of 192 symptomatic subjects, p = not significant). Base-
line electrocardiographic abnormalities were present in 7 of
21 asymptomatic individuals and in 51 of 192 symptomatic
individuals (p = not significant).
Source of referral. The majority of referrals were from
attending physicians (58% by cardiologists, 20% by intern-
ists). An additional 7% of referrals were from cardiology
fellows, 15% by medical interns and residents (Table 2).
Exercise testing. This was terminated in 85% of the sub-
jects because of lower limb or general fatigue. Tests were
stopped because of shortness of breath in 12%. Five subjects
experienced exercise-related chest pain; three had typical
angina, two atypical angina by historical evaluation. Serious
exercise-induced arrhythmias were also rare in this group
of patients; one test was stopped because of a four beat run
of ventricular tachycardia. No subject had an abnormal de-
crease in systolic blood pressure.
Exercise electrocardiographic data. Fifty-four subjects
had undergone prior electrocardiographic exercise testing.
The ST segment responses to exercise in these 54 prior tests
are shown in Table 3, together with the ST segment re-
sponses during the index electrocardiographic-thallium ex-
ercise test in the 159 patients without prior tests. In the 159
subjects without prior tests, 10% with low, 21% with mid-
range and 32% with high pretest likelihood of coronary
artery disease had a positive ST segment response to ex-
ercise. Further, the proportion of subjects with a markedly
positive test (> 2 mm ST depression) increased as the pretest
likelihood of disease increased. The distribution of ST re-
sponses in subjects with prior tests was markedly different.
In these 54 subjects, 54% with low, 24% with midrange
and 20% with high pretest likelihoods had a positive result.
A markedly positive test was most frequently seen in sub-
jects with a low pretest likelihood of disease. A similar
proportion of noncontributory results was seen in subjects
with and without prior exercise tests. Because the distri-
bution of ST segment responses to exercise differed and the
results of the prior tests may have contributed to the decision
to order exercise thallium scintigraphy, separate probability
analyses were performed on the groups with and without
prior tests.
Of the 213 exercise thallium scans, 141 were negative
and 57 positive (50 ischemia, 7 infarct) and 15 were in-
conclusive or nondiagnostic.
Table 2. Numberof Patients in Each Pretest Probability Category of Coronary Artery Disease by Numberof Risk Factors and
Referring Physician
Category of Pretest
Risk Factors Referring Physician
Likelihood of Disease No. of Subjects 0 >1 C H
Low (0 to 0.20) 96 (45) 46 (22) 33 (15) 17 (8) 54 (25) 20 (9) 22 (10)
Mid (0.21 to 0.80) 89 (42) 36 (17) 37 (17) 16 (7) 58 (27) 15 (7) 16 (8)
High (0.81 to 1.0) 28 (13) 12 (6) 12 (6) 4 (2) 12 (6) 8 (4) 8 (4)
Total 213 (100) 94 (45) 82 (38) 37 (17) 124 (58) 43 (20) 46 (22)
Numbers in parentheses indicate percent of the total study group. C = cardiologists; H = house staff (interns, residents and cardiology fellows); I
= internists.
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Figure 2. Distribution of 213 referrals by symptom for the total
study group.
Probability analysis in subjects with prior electrocar-
diographic stress test. Fifty-four of the 213 subjects had
undergone prior exercise testing. These constituted 28% of
the referrals by attending physicians but only II % of re-
ferrals by house staff (p < 0.02). Fifty-two percent.had a
low (:5 0.20), 31% a midrange(0.21 to 0.80) and 17% had
a high (> 0.80) likelihood of coronary artery disease by
historicalevaluation. Twelve of the 54 prior tests were non-
diagnbstic or inconclusive. and produced no shifts in the
likelihood of disease, while 42 were contributory. Only 2
of 54 index thallium scans were noncontributory. In all, 52
of 54 electrocardiographic-thallium test pairs produced shifts
in the likelihood of disease.
Figure 3 illustrates the distribution of the likelihood of
coronary artery disease by historical evaluation, and the
effect of the prior electrocardiographic exercise test on the
likelihood category. In the 28 subjects with a low pretest
likelihood, the electrocardiographic exercise test shifted 9
to the midrange and I to the high likelihood category, while
18 subjects remained in the low likelihood of coronary dis-
ease grouping. One of nine subjects with a high pretest
likelihood shifted to the midrange , while the other eight
remained in their pretest category. Thus, because only 4 of
17 subjects in the midrange pretest category shifted to one
of the extreme categories , the net effectof the prior electro-
cardiographic exercise test was to add 6 additional subjects
to the midrangecategory in which the diagnosis of coronary
disease remains uncertain. One subject went from one ex-
treme category to the other.
Figure 4 illustrates the combined effect of the prior
electrocardiographic exercise test and the added rest-ex-
ercise thallium scan on the likelihood of disease. In the 28
subjects with a low likelihood of disease on the basis of
history, 21 continued to have a low and 2 shifted to a high
likelihood of disease. Five subjects had a midrange likeli-
hood of disease. The added thallium scan only partially
compensated for the diagnostic uncertainty produced by the
prior electrocardiographic exercise test. It did shift one ad-
ditional subject to a high pretest likelihood of disease. In
the 17 subjects with a midrange likelihood of disease by
historical evaluation, the added thallium scan shifted an
additional 7 to the extreme categories of disease likelihood
when compared with electrocardiographic exercise testing
alone, and thus approached the goal of diagnostic certainty
for the entire patient group. In the nine subjects with a high
likelihoodof disease by historical evaluation, the combined
electrocardiographic-thallium exercise result confirmed the
historical diagnosis in five , but shifted four subjects to the
midrange . Thus in these nine subjects, added thallium scan-
ning increased the diagnostic uncertainty. The net effect of
the two stage testing procedure in the total group of 54
Table 3. Distribution of Exercised-Induced STSegment Depression by Pretest Likelihood of Disease Category
Pretest Likelihood of Disease
Electroc ardiographic Results s 0.20 0.21 100.80 > 0 .80 Total
A. Subjects Without Prior Tests
Exercise ST depression
< Imm 46 36 10 92
~ls2mm 7 13 2 22
> 2 mol 0 2 4 6
Noncontributory 15 21 3 39
Total 68 72 19 159
B. Subjects With Prior Tests
Exercise ST depression
< 1.0 mm 10 9 3 22
~ 1 s 2 mm 11 4 1 16
> 2 mm 4 0 0 4
Noncontributory 3 4 5 12
Total 28 17 9 54
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Figure 3. Subjects with prior electrocardiographic exercise tests:
influence of the priorelectrocardiographic (ECG) test resulton the
likelihood of coronary disease category as a function of pretest
historical likelihood. The percent of this population in the low
(top panel), midrange (middle panel) and high (lower panel)
pretest likelihood categories is seen in the hatched bar to the left.
The effects of the test on likelihood of disease are seen in the
striped bars to the right. The number of subjects is shown in
parentheses above the bats. The prior test was frequently positive
in the group with low prevalence of disease, shifting nine patients
to the midrange category and one to the high category. In the
midrange likelihood category, four subjects shifted to the extreme
categories, while only one of eight went from a high likelihood
to the midrange. The net effect of the prior test was to add six
subjects to the midrange whencompared withhistorical evaluation
alone.
subjects with prior tests was to place 72% in the low or
high likelihood of disease category, compared with 69%
before testing (p = not significant). Only two subjects shifted
from one extreme category to the other.
Probability analysis in subjects without prior exercise
tests. One hundred fifty-nine subjects who did not have a
prior exercise test underwent combined electrocardio-
graphic-thallium exercise testing. Of these 318 tests, 16%
did not alter the likelihood of disease (39 electrocardio-
graphic exercise tests, 13 thallium tests). However, in only
II subjects were the results from both tests noncontributory.
Testing, therefore, altered the likelihood of disease in 93%
of subjects. Negative submaximal tests accounted for 85%
of noncontributory results; left bundle branch block and left
ventricular hypertrophy or digitalis therapy accounted for
the remainder. Although only 20 subjects were receiving a
beta-blocking agent at the time of testing, their tests ac-
Figure 4. Subjects with prior electrocardiographic exercise tests:
influence of the prior electrocardiographic test result and added
index thallium (TI) scan on the likelihood of disease as a function
of pretest historical likelihood. Format as in Figure 3. The two
stage testing procedure did not significantly increase the number
of subjects in the high and low categories of disease likelihood
compared with historical evaluation alone.
counted for 33% of all noncontributory results, including
10 of II cases where both the electrocardiographic and
thallium results were noncontributory.
Figure 5 illustrates the distribution of referral by pretest
likelihood of coronary artery disease and the impact of the
electrocardiographic component of the electrocardio-
graphic-thallium test on the likelihood of disease. Forty-
three percent of subjects had a low, 45% a midrange and 12%
a high pretest likelihood of coronary disease. There was no
difference in the pretest likelihood among subjects referred
by house staff versus attending physicians. Risk factors and
possible baseline electrocardiographic abnormalities were
also similarly distributed over the likelihood categories.
The electrocardiographic exercise test in these 159 sub-
jects increased the number of subjects at the extreme cat-
egories of disease likelihood (p < 0.001). This effect re-
sulted ftom 27 of 72 subjects with a midrange likelihood
of disease by history shifting to a high or low likelihood of
disease. Testing subjects with a high or low likelihood of
disease on the basis of history confirmed the historical di-
agnosis in 72 of 87 instances, and produced midrange prob-
abilities in the remaining 15 subjects. Thus, the electrocar-
diographic test produced a net increase of 12 subjects in the
extreme likelihood of disease categories.
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Figure5. Subjects without prior electrocardiographic exercise tests:
influence of theindex electrocardiographic testresult onlikelihood
of disease category . Format as in Figure 3. The test increased the
number of subjects in the high and low categories of disease like-
lihood (p < 0.001).
The added results of the rest-exercise thallium scan
produced a further net shift of 23 subjects to the extreme
likelihood of disease categories (p < 0.001). After com-
bined testing, 76% of subjects were in the extreme categories
compared with 55% before testing (p < 0.001). Figure 6
illustrates the influence of the combined electrocardio-
graphic-thallium test on each historical disease probability
category. Most shifts in probability category occurred in the
midrange patients (p < 0.001). In this midrange group, 36
of 72 subjects shifted to the low range, 17 shifted to the
high range, while 19 remained in the indeterminant mid-
range likelihood category. The thallium scan thus moved
an additional 26 subjects from the midrange of disease like-
lihood, as assessed by history, to the extremes when com-
pared with electrocardiographic testing alone. The major
influence of combined testing of subjects in the extreme
categories of pretest likelihood of disease was confirmation
of the already high or low likelihood value (68 of 87 cases).
Seventeen subjects at the extremes of likelihood of disease
by history shifted to the midrange, and only one moved to
the other extreme.
Discussion
Probability analysis. The present study was undertaken
to characterize the ordering patterns for electrocardio-
graphic-thalliumexercise testing in clinical practiceby using
probability analysis as a tool for classifying referrals and
Figure 6. Subjects without prior electrocardiographic exercise tests:
influence of thecombined index electrocardiographic andthallium
results on the likelihood of disease category. Format as in Figure
3. The combined result placed more subjects in the high and low
likelihood of disease categories when compared with historical
evaluation or electrocardiographic testing alone (p < 0.001). This
effect resulted from tests in subjecis in the midrange pretest like-
lihood of disease category.
assessing the impact of test results. The probabilistic nature
of exercise testing in the diagnosis of coronary artery disease
has recently been recognized. Rifkin and Hood (21) em-
phasized the relation between pretest likelihood of coronary
artery disease, the magnitude of electrocardiographic ex-
ercise test ST segment depression and the predictive value
of the test result. Diamond and Forrester (16) extended the
utility of this process by deriving the pretest likelihood of
coronary artery disease from published data on symptoms,
age and gender. Risk factors, particularly in asymptomatic
patients. have also been shown to influence the probability
of coronary artery disease (30). However the presence of
multiple risk factors is required to shift the likelihood of
disease significantly upward in these patients (14).
Once the sensitivityand specificityof any test in coronary
disease diagnosis are known, the predictive value of the test
result in the subject under study can be calculated using
Bayes' theorem. Hamilton et al. (13) used this method to
suggest ranges of pretest likelihood where combined rest
and exercise electrocardiographic-thallium testing would most
alter the probability of disease. By these criteria, their data
suggested that testing would be useful in subjects in the
midrange of pretest likelihood of disease. Others (14) have
echoed these recommendations. reinforcing the lack of mar-
lACC Vol. 3. No. 2
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ginal utility of the combined electrocardiographic-thallium
test compared with electrocardiographic exercise testing in
groups with a low and high prevalence of disease.
There are no available data, however, regarding who is
actually tested in clinical practice. Rather than selecting a
group of subjects also referred for cardiac catheterization,
we studied all subjects who underwent electrocardiographic-
thallium testing and characterized them with quantitative
probability analysis. Such methodology may be useful to
physicians interested in assessing patterns of test utilization.
Referring physicians were addressing the question of
presence or absence of coronary artery disease in 213 of
325 subjects who underwent electrocardiographic-thallium
exercise testing. The majority of subjects in this group were
in the extreme categories of pretest likelihood of disease
and few could prospectively be identified as likely to have
uninterpretable electrocardiographic exercise tests. Fifty-four
had already undergone electrocardiographic exercise test-
ing, but further combined exercise testing was deemed nec-
essary. For this SUbgroup, the two stage electrocardio-
graphic-thallium exercise test did not result in a greater
proportion of subjects in the extreme categories of likelihood
of disease, that is, having reasonable certainty of presence
or absence of disease. Several factors, related to the patients
referred and the characteristics of the tests themselves, ex-
plain this phenomenon. First, further testing was pursued
in many patients despite electrocardiographic exercise test
confi rmation of the low or high likelihood of disease by
history. Added thallium scanning again confi rmed the di-
agnosis in most subjects with a low likelihood of disease,
and when positive, the thallium scan was not sufficiently
specifi c to change a low to a high likelihood. Further, the
relatively low sensitivity of the test produced several neg-
ative results among subjects with a high prevalence of dis-
ease. These negative results then shifted subjects to the
midrange rather than to the other extreme.
Second, when a thallium test was ordered after an
electrocardiographic test result that might befalselv positive
(54% of the subjects with a low prevalence of coronary
artery disease), although the majority of these subjects were
placed in their historical pretest likehihood of disease cat-
egory by the added thallium scan, five were left in the
middle probability range. This follows from the fact that
the specifi city of some electrocardiographic exercise test
results was higher than the sensitivity of the thallium scan.
For example, a moderately positive electrocardiographic ex-
ercise test (1.5 to 2 mm horizontal ST depression) in a
subject with a 0.1 pretest likelihood of coronary artery dis-
ease would result in a post-test likelihood of 0.60 ; a negative
thallium scan results in a final post-test probability of 0.29.
This two stage procedure added little to the original diag-
nostic question. Under such circumstances in subjects with
a moderately or markedly positive electrocardiographic ex-
ercise test but low historical likelihood of disease, consid-
eration should be given to performing coronary arteriog-
raphy if the diagnosis of coronary disease is to be made
with certainty (31). Alternatively, an exercise radionuclide
ventriculogram or quantitatively analyzed thallium scinti-
gram could yield a more confident fi nal diagnosis, as these
tests have been reported to be similarly specifi c but more
sensitive than qualitative thallium scintigraphy (32-34).
In contrast, for the group of subjects without prior
electrocardiographic exercise tests, combined testing did
lead to many subjects moving to the extreme categories of
disease likelihood. the result of testing more subjects in the
pretest probability midrange. However, the tests were also
frequently used for diagnostic purposes in both asympto-
matic and symptomatic individuals in the extreme categories
of pretest likelihood of disease.
Critique of the methods. It is clear that electrocardio-
graphic-thallium exercise testing can provide information in
addition to the magnitude of ST segment depression. For
example, symptoms, abnormal blood pressure responses or
arrhythmias during exercise have all been shown to add to
the information content of the test (35- 37). This is espe-
cially true with regard to assessing the prognosis of patients
with suspected coronary artery disease (38). Negative find-
ings are not as predictive as positive findings, particularly
when the positive findings must be grouped to enhance the
specificity of the results (37,39) . The remarkably low in-
cidence of such added positive findings in the patients in
this study is noteworthy and may relate to the process by
which subjects were selected for entry. Patients were se-
lected only if the referring physician was addressing the
issue of diagnostic uncertainty, rather than the issue of dis-
ease severity.
Recently. more sophisticated multivariate analyses have
been developed using data from the Coronary Artery Sur-
gery Study (40). These equations can be used to quantitate
the pretest likelihood of disease and the impact of the ST
segment response and other exercise variables on the like-
lihood of coronary disease. However, to date these analyses
have been performed only for male subjects, and thus may
not yet be suited for general populations undergoing exercise
electrocardiographic-thallium testing. In addition, there is
a lack of accord regarding the value of qualitative exercise
thalliumscintigraphy in assessing severity of coronary artery
disease and patient prognosis (4 1-43) . However. exercise
20I-thallium scintigraphy has evolved substantially since
this study was performed. Recent reports (34) indicate that
further experience with the method of qualitative analysis
and newer quantitative approaches have resulted in higher
diagnostic sensitivities and enhanced capabilities for as-
sessing individual vessels involved. The specifi city appears
not to have been altered. If these fi ndings are confirmed,
further use of the test to assess disease severity in patients
with a higher prevalence of disease may be indicated. Un-
fortunately. these developments would not substantially en-
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hance the predictive value of a positive test in patients with
a low prevalence of disease. Furthermore , even with the
enhanced sensitivity, the superiority of a negative result in
patients with a low prevalence of disease would still be
minor when compared with electrocardiographic exercise
testing alone. For these reasons, the analysis in the present
study was restricted to defining the likelihood of presence
or absence of coronary artery disease and employed only
the magnitude of the ST segment shift and the presence or
absence of a thallium defect as exercise variables.
The methods in this analysis also rely on the accuracy
of the quantitative system in estimating pretest likelihood of
disease. These estimates of pretest likelihood of disease
were gleaned from published data (16) correlating the sub-
ject's age, sex and symptoms with a large body of angio-
graphic and autopsy data. The validity of these data are
supported by the extremely close correlation with the in-
formation obtained from cardiac catheterization in the Coro-
nary Artery Surgery Study (27) and elsewhere (44,45). In
a prospective study (24), estimates of post-test likelihood
of disease derived from these data correlated with those of
board-certified cardiologists. At Montefiore MedicalCenter,
the correlation between the calculated post-test electrocar-
diographic-thallium likelihood of coronary artery disease
and observed coronary disease was 0.96 (p < 0.01) in the
80 subjects who also underwent cardiac catheterization.
However, the results of the electrocardiographic-thallium
test may have influenced the decision to perform catheter-
ization. The fact that no relation was apparent between the
pretest likelihood of disease and the prevalence of disease
at catheterization is probably related to the disproportionate
number of subjects who went on to have catheterization
after positive combined electrocardiographic-thallium re-
sults. Althoughthe validationsample maynot be completely
representativeof the general populationundergoingexercise
testing, it did include both men and women with a spectrum
of pretest likelihoodsof disease, as well as negative exercise
test responders. Thus, despite lacking many important ele-
ments of the clinical evaluation, the validity of the proba-
bility model employed in this study is supported for analysis
of groups of subjects undergoing exercise testing. Certainly,
as multivariate analyses define the added impact of other
clinical and exercise variables on the likelihoodcalculation,
the precision of these estimates for individual subjects should
improve.
Clinical implications. An important question is whether
the referring physicians. in this study wouldagree with these
estimates of disease likelihood for the patients they referred
(46). Hlatky et al. (25) demonstrated that although pretest
probability estimates of board-certified cardiologists were
as accurate as those derived from this quantitative system,
disagreements in probability assessments were frequently
seen. Thus, it is not clear whether the ordering patterns we
observed resulted from referring physician assessments of
pretest likelihood of disease that were at variance with the
quantitative system or from their belief that the combined
exercise test would be substantially more powerful than the
electrocardiographic exercise test alone, even in the group
with a low prevalence of disease. Certainly, probability
analysis would not support the latter contention.
Several implications can be drawn fr om these data. Ex-
ercise electrocardiographic-thallium scintigraphy is a rela-
tively expensive test that is in great demand (47,48) . The
experience at Montefiore Medical Center is illustrative. In
1977, whenfirst introduced at this institution, approximately
40 tests were performed, This grew to 325 tests in 1980,
and the number of tests now performed is limited by avail-
able equipment, space and technical support. Waiting lists
spanning 4 weeks are not unusual. Greater discretion is
therefore advised in the selection of subjects for testing (49).
Indications for addedelectrocardiographic-thalliumexercise
testing should be carefully scrutinized in individuals with a
low historical likelihood for coronary artery disease and
priorelectrocardiographic exercise test results that were either
negative or moderately to strongly positive. Physicians should
compare their estimates of disease likelihood with available
data regarding the quantitative likelihood of coronary artery
disease in all potential candidates for testing. Once agree-
ment is reached as to this likelihood, the actual marginal
utility of the combined electrocardiographic-thallium ex-
ercise test can be better understood, and the optimal testing
paradigm selected and efficiently executed (50).
We thank James Scheuer. MD for his thoughtful suggestions and Lori
Fields for help in preparation of this manuscript.
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